Instationär kavitierende Strömungen - Ein neues Modell, basierend auf Front Capturing (VoF) und Blasendynamik [online] by Sauer, Jürgen
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at medium angles of attack and low cavitation numbers.  One
might be afraid if the streak cavity is originated by a small irregu-
larity on the model surface.  But such irregularity was not seen
actually, and the positions of streak cavities were not always fixed.
Therefore, this cavitation behaviour is inherent.  Figure 13 shows
clear sheet cavitation which appears at high angles of attack.
Figure 14 shows the types of cavitation observed at all test
conditions, (α, σ).  Only bubble cavitation occurs around the de-
sign angle of attack, i.e. around the bottom of the cavitation bucket.
At medium angles of attack of about 2-4 deg., sheet cavitation
occurs first from the leading edge of the foil.  As cavitation num-
ber is decreased, the sheet cavity develops and starts oscillating
when its termination position approaches the foil trailing edge.
Then the sheet cavitation, partial cavitation, does not become su-
percavitation but turns into bubble cavitation or bubble/streak com-
bined cavitation.  This is because the effective angle of attack of
the cavity/foil combined body is reduced.  It is still difficult to
predict this phenomenon theoretically.  At high angles of attack
of more than about 5deg., the partial cavitation turns into super-
cavitation keeping a sheet appearance.
Figures 15 and 16 compare the variations of cavity termina-
tion points and lift coefficients between theory and experiment.
Also shown are regions of observed cavitation types whose ap-
proximate boundaries are drawn by thin dotted lines.  Computa-
tions are made by a nonlinear panel method theory [Yamaguchi
and Kato, 1983] for partial cavitation and by a linearized singular
distribution method [Kikuchi et al., 1994] for supercavitation.
Since both of them are free-streamline flow theories, fairly good
agreement is obtained in the regions of supercavitation and par-
tial cavitation, although data points in the latter region are not
many.  It is rather normal that calculated results are far from the
measured ones in the other regions, since cavitation types assumed
(a) Draufsicht
(b) Seitenansicht































Design Angle of Attack = 0. 6deg.
Fig. 14  Cavitation Diagram Denoting Types of Observed
Cavitation in Accordance with Combination of (α, σ)
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expected.  Very weak bubble cavitation was generated on the
SR230-NC3, but they were insignificant.  It is a little difficult to
evaluate the SR230-NC1.  It did not cavitate at the design angle
of attack of -0.25deg.  But it generated very slight bubble cavita-
tion at the angle of attack of 0deg., where design lift coefficient
was measured.
All the data are summarized in Fig. 10 as cavitation bucket
charts.  As well known, bubble cavitation or streak-like cavita-
tion occurs at the bottom (left side in the figure) of the bucket.
The streak-like cavitation occurs near the edges of the bucket
bottom.  Sheet cavitation is generated at high or low angles of
attack.  Even the thinnest foil, SR230-NC1, has a wide bucket of
about 2.5deg.  In terms of comparison to the theoretical predic-
tions, the buckets drawn by the minimum pressure are too narrow
as is well known too.  The bucket width determined by the pres-
sure at laminar separation or natural transition points agrees with
that of the experiments.
CAVITATION APPEARANCE AND FOIL PERFORMANCE
IN CAVITATING CONDITION
Appearance of developed cavitation and foil performance
variation due to cavitation are described here.  Since all the foil
sections showed the same trend, we show here only the results of
SR230-NC3 foil.
Figure 11 shows typical bubble cavitation which appears at
low angles of attack and very low cavitation numbers.  Figure 12













































































-Cpmin = -Cp at minimum pressure point
-Cpsep = -Cp at laminar separation point
-Cptr = -Cp at natural transition point
-Cptr(face) = -Cptr on foil lower surface
Experiment
Incipient Cavitation Number (Sheet Cavity)
Incipient Cavitation Number (Bubble or Streak Cavity)
Re = 1.50×106 (Calculation)
Re = (1.23 - 1.30)×106 (Experiment)
Re = 1.50×106 (Calculation)
Re = (1.08 - 1.29)×106 (Experiment)
Re = 1.50×106 (Calculation)
Re = (1.13 - 1.22)×106 (Experiment)
Design Angle of Attack = -0.25deg.
Design Angle of Attack = 0.99deg.
Design Angle of Attack = 0.56deg.
Fig. 10  Comparison of Cavitation Bucket Chart
Drauf icht
Seitenansicht
Fig. 11  Bubble Cavitation; SR230-NC3, α=0.5deg., σ=0.19
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at medium angles of att ck and low cavitat on numbers.  One
might be afraid if the streak cavity is originated by a small irregu-
larity on the model surface.  But such irregularity was not seen
actually, and the positions of streak cavities were not always fixed.
Therefore, this cavitation behaviour is inherent.  Figure 13 shows
clear sheet cavitation which appears at high angles of attack.
Figure 14 shows the types of cavitation observed at all test
conditions, (α, σ).  Only bubble cavitation occurs around the de-
sign angle of attack, i.e. around the bottom of the cavitation bucket.
At medium angles of attack of about 2-4 deg., sheet cavitation
occurs first from the leading edge of the foil.  As cavitation num-
ber is decreased, the sheet cavity develops and starts oscillating
when its termination position approaches the foil trailing edge.
Then the sheet cavitation, partial cavitation, does not become su-
percavitation but turns into bubble cavitation or bubble/streak com-
bined cavitation.  This is because the effective angle of attack of
the cavity/foil combined body is reduced.  It is still difficult to
predict this phenomenon theoretically.  At high angles of attack
of more than about 5deg., the partial cavitation turns into super-
cavitation keeping a sheet appearance.
Figures 15 and 16 compare the variations of cavity termina-
tion points and lift coefficients between theory and experiment.
Also shown are regions of observed cavitation types whose ap-
proximate boundaries are drawn by thin dotted lines.  Computa-
tions are made by a nonlinear panel method theory [Yamaguchi
and Kato, 1983] for p rtial cavitatio  and by a linearized singular
distributi n method [Kikuchi et al., 1994] for supercavitation.
Since both f them are free-streamline flow theorie , fai ly good
agreement is b ained in th  regions of supercavitation and par-
ti l cavitation, although data points in the latter region are ot
many.  It is rather normal that calculated results ar  far fr m th
measured ones in the other regions, since cavitation types assumed
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Design Angle of Attack = 0.56deg.
Fig. 14  Cavitation Diagram Denoting Types of Observ d
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expected.  Very weak bubble cavitation was generated on the
SR230-NC3, but they were insignificant.  It is a little difficult to
evaluate the SR230-NC1.  It did not cavitate at the design angle
of attack of -0.25deg.  But it generated very slight bubble cavita-
tion at the angle of attack of 0deg., where design lift coefficient
was measured.
All the data are summarized in Fig. 10 as cavitation bucket
charts.  As well known, bubble cavitation or streak-like cavita-
tion occurs at the bottom (left side in the figure) of the bucket.
The streak-like cavitation occurs near the edges of the bucket
bottom.  Sheet cavitation is generated at high or low angles of
attack.  Even the thinnest foil, SR230-NC1, has a wide bucket of
about 2.5deg.  In ter s of co parison to the theoretical predic-
tions, the buckets dra n by the ini u  pressure are too narrow
as is well kno n too.  he bucket idth deter ined by the pres-
sure at la inar se arati  r at ral tra siti  ints agrees with
that of the experi t .
CAVITATI  I  ANCE
IN CAVIT I  
Appearance f   f il perfor ance
variation due to c it t  r .  ince al  the foil
sections sho ed t   r  ly the results of
SR230-NC3 foil.
Figure 11 s  t i l l  it ti  hich appears at
low angles of attac  a  er  l  ca itati  ers.  Figure 12













































































-Cpmin = -Cp at i imum pressure point
-Cpsep = -Cp t lamin r separation point
-Cptr = -Cp at natural transition point
-Cptr(face) = -Cptr on foil lower surface
Experiment
Incipient Cavi ation Number (Sheet Cavity)
Incipient Cavitation Number (Bubble or Streak Cavity)
Re = 1.50×106 (Calculation)
Re = (1.23 - 1.30)×106 (Experiment)
Re = 1.50×106 (Calculation)
Re = (1.08 - 1.29)×106 (Experiment)
Re = 1.50×106 (Calculation)
Re = (1.13 - 1.22)×106 (Experiment)
Design Angle of Attack = -0.25deg.
Design Angle of Attack = 0.99deg.
Design Angle of Attack = 0.56deg.
Fig. 10  Comparison of Cavitation Bucket Chart
Draufsicht
Seitenansicht
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Water Quality Effect 
 
Basic supposition with cavitation investigations is, that the rupture of liquids begins when the 
pressure in the flow around a submerged body reaches vapor pressure, PV, as equation (1) implies. 
The fact that cavitation tests at identical test bodies, or even the same test body, carried out in dif-
ferent test facilities lead to totally different results [16] proves this assumption to be valid only as 
the exception. This wide range of experimental results can be attributed primarily to different ten-
sile strength, Pts, of the test liquid, i.e. to different water quality concerning its cavitation suscepti-
bility. 
The following photo series illustrate this fact. Photo series 1 shows the effect of tensile strength 
of the test water on the hemispherical test body. In the first photo, no cavitation is observable due to 
high tensile strength of the test water, whilst at the second photo, at equal cavitation number (s  = 
0.43) and equal flow velocity (V∞ = 11.00 m/s) violent cavitation is registered after the capability of 















a) No cavitation, at high tensile strength of 
the test water; V∞ = 11,00 m/s, s = 0,43 
 
 
b) Developed cavitation after tensile strength 
of the test water is removed;  
V∞= 11,00 m/s, s = 0,43
Photo series 1: Effect of tensile strength of the test water  on the cavitation appearance, for the ex-
ample of a hemispherical body (body diameter 60 mm) 
 
In photo series 2 the cavitation phenomena at the tip of a profile (NACA 16 020, angle of attack 
6°) are shown, for three different water qualities at equal cavitation number (s = 0.69) and equal 
flow velocity (V∞ = 9.5 m/s). In the first photo no cavitation is visible at high tensile strength of the 
test water. In the second photo, for a water quality of zero tensile strength (definition see below), 
beginning tip vortex cavitation can be recognized. A fixed cavity, caused by a surface irregularity is 
also visible. For negative tensile strength of the test water, a fully developed tip vortex cavitation 
and single bubble cavitation at the profile is registered. 
The classical relationship (1) assumes that the critical pressure for the rupture of a liquid corre-
sponds to its vapor pressure. However, the factual critical pressure, i.e. the tensile strength Pts of a 
liquid, depends strongly on its gas content, its content of so-called cavitation nuclei, and its prehis-
tory. Unquiescented water with high gas content can carry big bubbles in high concentration, so that 
this water quality cannot bear any tensile strength. To the contrary, the bubbles grow in zones of 
low pressure even before reaching vapor pressure, and thus feign cavitation.. This water quality is 
denoted as negative tensile strength, and the corresponding cavitation phenomenon is called pseudo 
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Water Quality Effect 
 
Basic supposition with cavitation investigations is, that the rupture of liquids begins when the 
pressure in the flow around a submerged body reaches vapor pressure, PV, as equation (1) implies. 
The fact that cavitation tes s at identical tes  bodies, or ev n the same t s  body, carried out in dif-
ferent tes  facilit es lead to totally different results [16] proves this assumption to be valid only as 
the xception. This wide range of experimental results can be attributed primarily to different ten-
sile strength, Pts, of the tes  liquid, i.e. to different water quality concerning its cavitation suscepti-
bility. 
The foll wing photo seri s illustra e this fact. Photo seri s 1 shows the ff ct of tensile strength 
of the t s  water on the hemispherical tes  body. In the first photo, no cavitation is observable due to 
high tensile strength of the tes  water, whilst at the second photo, at equal cavitation umber (s  =
0.43) and equal f ow velocity (V∞ = 11.00 m/s) violent cavitation is registered after the cap bility of 















a) No cavitation, at high tensile strength of 
the t s  water; V∞ = 11,00 m/s,  = 0,43 
 
 
b) Dev loped cavitation after tensile strength 
of the t s  water is removed;  
V∞= 11,00 m/s,  = 0,43
Photo seri s 1: Effect of tensile strength of the t s  water  on the cavitation appearance, for the x-
ample of a hemispherical body (body diameter 60 mm) 
 
In photo seri s 2 the cavitation phenomena at the tip of a profile (NACA 16 02 , angle of att ck 
6°) are shown, for three different water qualities at equal cavitation umber (s = 0.69) and equal 
flow velocity (V∞ = 9.5 m/s). In the first photo no cavitation is visible at high tensile strength of the 
tes  water. In the second photo, for a water quality of zero tensile strength (definition see below), 
beginning tip vortex cavitation can be recognized. A fixed cavity, caused by a surface irregularity is 
also visible. For negative tensile strength of the tes  water, a fully dev loped tip vortex cavitation 
and single bu ble cavitation at the profile is registered. 
The classical relationship (1) assumes that the critical pressure for the rupture of a liquid corre-
sponds to its vapor pressure. Howev r, the factual critical pressure, i.e. the tensile strength Pts of a 
liquid, dep nds trongly on its gas conte t, its conte t of so-called cavitation uclei, and its prehis-
tory. Unquiescent d water with igh gas conte t can carry big bu bles in high concentra ion, so that 
this water quality cannot bear any tensile strength. To the contrary, the bu bles grow in zones of 
low pressure v n before reaching vapor pressure, and thus feign cavitation.. This water quality is
denoted as negative tensile strength, and the corresponding cavitation phenomeno  is called pseudo 
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gated scale effects: 
 
s i =  K0 (L/L0) 1/2 (n0 / n )1/4 [1 + (V∞ / V0)2] (1 + K0 S /S0 )                                                             (9) 
 
Here L, ν, V∞, and S are, respectively, the characteristic length of the body, the kinematic 
viscosity, the free stream velocity, and the standard deviation of the free stream velocity. L0, ν0,  V0 
and S0 are reference values of L, ν,  V∞, and S. K0 is an empirical constant which is characteristic for 
the shape of the body and the type of cavitation, but independent of L, ν,  V∞, and S. While L0, ν0 
and S0 are arbitrarily chosen values, the quantity V0 is an empirically determined factor, which 
turned out to be nearly invariable and to amount to about 12 m/s for all the experiments performed.  
Knowing K0 for a certain body contour, the s -number for cavitation inception at that type of 
body, for every size, flow velocity, viscosity of the fluid and turbulence level of the flow should be 
predictable. In principle the shape factor K0 can be evaluated experimentally through a single cavi-
tation experiment, by evaluating s i with the help of equation (2), for a certain model body of known 
size, flow velocity and its standard deviation, and known viscosity of the liquid. However, it must 
be ensured that the liquid quality, concerning its cavitation susceptibility, Pts, is determined as pre-
cisely as possible. 
Equation (9) is purely empiric and is construed such as to give a most precise mathematical 
description of the scale effects on cavitation inception, based on the underlying experimental data. 
On the other hand dimensional analysis tells that scale effects on cavitation inception should mainly 
be caused by the influence of variation in Reynolds number, which is to be considered the main 
similarity parameter in this context. In contrast with that, equ. (9) does not show the clear 
dependence of σi on Re. This is demonstrated by Fig. 8 where, according to equ. (9) and using a 
typical example, σi is plotted versus Re. Obviously, at constant values of Re the σi can still 
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 INCREASING
 TENSILE STRENGTH
 OF THE LIQUID
 K 0         =  2 , 5
 L         =  30  mm
 V ∞       =  10  m/s
 ν  =ν 0  = 1,004*10
-6
                at 20°C
 Tu      = 1 %
 p t s       =  0
VELOCITY SCALING
L = 30 mm, ν =   ν0
VELOCITY SCALING
L = 15 mm, ν =  ν 0
SIZE SCALING
V ∞ = 10 m/s, ν  = ν0
VISCOSITY SCALING
L = 30 mm,V ∞ = 10 m/s
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1. Wasser, 0.8K, 1 atm
2. Methanol, 6.4K, 1 atm
5. Wasser, 36.0K, 0.488 atm
4. Wasser, 9.0K, 0.381 atm
3. Wasser, 3.61K, 1 atm
6. Wasser, 10.67K, 0.124 atm
8. R113, 48.2.1K, 0.036 atm
7. R113, 34.1K, 0.084 atm
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psys = - 100 Pa
psys = - 1000 Pa
psys = - 20000 Pa
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psys = - 20000 Pa
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(u, v  ) erfüllt die Kontinuität Gl. 3.90
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gleichungen, Gl. 3. 46.





u , v , u      , v      , p 
m-1 m-1 f
p  , u  , v   , FLösung der Druck-Korrektur-
gleichung, Gl. 3. 92.N
F   , A    , AP
m*
f f
p  , u  , v   , F Aktualisieren von Druck u.
Geschwindigkeiten.
Gln. 3. 73-3.75, 3.86.





m = m +1
p  , u  , v   , F
m m mm
f
t+∆t t+∆t t+∆t t+∆t





















αu , v , p , T ,






gleichung, Gl. 3.56. 
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gleichungen, Gl. 3. 46.



















S   (     )
p  , u  , v   , F










S   (     )
Konvergenz
erreicht?
m = m +1




∆t = t +   t
Programm-
Ende
p  , u  , v   , F
m m mm
f
S       ,   
KAV
m-1 t+∆t t+∆t t+∆t t+∆t t+∆t
S       ,   
KAV




u , v , p , T , 
t t
α
0.1 < CFL < 0.2
f






daten, Gl. 3.2, 3.3. 
Berechnung Dampfvolumen-
Quellterm, Gl. 3. 99.
Berechnung Blasen- 
radius, Gl. 2.39.
R      , p
m-1
Lösung der Druck-Korrektur-
gleichung, Gl. 3. 92. f
Nein
Aktualisieren von Druck u.
Geschwindigkeiten.











Variable  = Variablet
t t
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ρ = 1000 kg/m3
ρ = 1 kg/m3
slip condition
p = konst.
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σ =0.57, f = 9 Hz, Str = 0.097
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